First principles modeling techniques are used to examine the stabilities, structures, and Li ion migration properties of (thio)phosphate electrolyte materials focusing on the "superionic" electrolyte Li7P3S11. Our simulations find a stable structure for Li7P3S11 that is in approximate agreement with X-ray and neutron diffraction experiments. The calculated formation energy predicts the structure to be unstable with respect to decomposition into Li3PS4 and Li4P2S6 plus excess S which has been observed experimentally under certain preparation conditions. The minimum activation energy for Li ion migration is estimated to EA = 0.15 eV for a vacancy mechanism, a result which approximates the value of EA = 0.12 eV determined from temperature-dependent conductivity measurements. Within the accuracy of the calculations, some vacancy-interstitial pair formation energies are found to be E f ≈ 0. These low energy vacancy-interstitial pair formation processes contribute to the "superionic" properties of this material. For comparison, simulations on hypothetical phosphate and phosphonitride materials with similar crystal structures are presented and the results are analyzed in terms of possible connections to LiPON electrolytes.
Introduction
During the last 5 years, lithium thiophosphate solid electrolyte materials have been developed [1] [2] [3] [4] [5] [6] [7] for use in all-solidstate rechargeable batteries. In particular, crystalline Li 7 P 3 S 11 has been characterized as a superionic conducting material [3] [4] [5] [6] possessing room temperature conductivities as high as 10 −3 S/cm, which is 1000 times greater than that of the commercial solid electrolyte material LiPON. 8 Building on our previous work, 9 we report on computer modeling studies of this material as well as those of related phosphates and nitrided phosphates. The study includes both materials directly related to experimental observations as well as materials based on hypothetical structures. We present results on metastable crystal structures, formation energies, and mechanisms of Li ion migration.
We first summarize the so-called "first-principles" computational methods used in this study. Computed heats of formation and structural forms of several (thio)phosphate and related materials, are presented and and the relative stabilities of the materials are examined. Li ion conductivity in Li 7 P 3 S 11 and related materials is estimated in terms of energy barriers for Li ion vacancy and interstitial migration.
Computational Methods
The calculational methods are based on density functional theory. 10, 11 Results were obtained using ultra-soft pseudopotentials (USPP) 12 and the pwscf 13 code. The exchangecorrelation functional was the local density approximation 14 (LDA). In order to quantify numerical errors due to pseudopotential generation, we also performed some of the calculations using the projector augmented wave (PAW) 15 formalism. The PAW basis and projector functions were generated by the atompaw 16 code and used in both the abinit 17 and pwscf 13 packages. The USPP and PAW results showed nearly identical results, with a maximum difference in heats of formation of 0.01 eV/atom as reported in the Transactions paper associated with this work. 18 Visualizations were constructed using the OpenDX 19 and XCrySDEN 20 software packages. Further details regarding the computational methods are described in our previous work. 9, 21 For analyzing formation energies and other perfect crystal properties, calculations were performed with plane wave expansions of the wavefunction including |k+G| 2 ≤ 64 bohr
and relatively dense sampling of the Brillouin zone. For example, crystals of Li 7 P 3 S 11 were calculated with a MonkhorstPack 22 k-point sampling of 3×6×3. For analyzing Li ion migration in Li 7 P 3 S 11 , Li 7 P 3 O 11 , and Li 8 P 3 O 10 N, a fixed volume supercell of 1 × 2 × 1 units was constructed. This choice of supercell has approximately equal cell lattice vectors and remains a computationally manageable size -84-88 atoms. Since only relative energies are important for this part of the study, less stringent convergence parameters could be usednamely -|k+G| 2 ≤ 32 bohr −2 and a single k-point sampling of the Brillouin zone.
Estimates of the migration energies E m for the Li ion diffusion were calculated using the nudged elastic band (NEB) method [23] [24] [25] as implemented in the pwscf code. For each migration path studied, the migration energy E m is determined as the difference between the maximum and minimum supercell energies calculated along the migration path. Because each metastable defect configuration involves a certain amount of distortion for each type of atom in the "host" lattice, it is useful to have a quantitative measure of this distortion. We can define an average distortion parameter for each defect in the form
For each atom a of the "host" lattice, the distortion measures the displacement of the relaxed defect coordinate R a Def relative to the position of the corresponding site in the perfect lattice R a Ref . N atom denotes the number of atoms of a given atomic number in the simulation cell. In general, the distortion of one or two sites in the local neighborhood of the defect is substantially higher than the mean, so that another useful measure is the maximum distortion defined as
Accepted for publication in the Journal of the Electrochemical Society The results of density functional calculations include the ground state energy per unit cell, obtained with variational accuracy. Therefore, we expect the heats of formation of these materials to be well approximated. We have calculated the heats of formation for many of the Li (thio)phosphates and related materials as presented in Table I . The standard state reference energies were obtained in the same way as described in our earlier work (Ref. 9 and 21) . The present results obtained using the ultra-soft pseudopotential scheme (labeled "CALC") differ slightly from the earlier work. This is due to more stringent convergence parameters and a slight readjustment of the standard energy of O on the basis of additional calorimetry data 26 for Li 2 O 2 , SO 3 , and Li 2 SO 4 using the structural determinations of references 28, 29 and 30, respectively. The comparison of all of the calculated results with experimental measurements show an average deviation of 0.2 eV/formula unit. The largest deviations are for LiNO 3 (0.5 eV/formula unit), Li 3 PO 4 and Li 2 S (0.3 eV/formula unit) and Li 2 SO 4 (0.2 eV/formula unit). The remaining 6 formation energies for which comparison is possible deviate by 0.1 eV/formula unit or less.
A recent experimental study 31 of crystal phase transitions in Li 3 PS 4 are consistent with our calculated formation energies of this material. The experimental group 31 found the low temperature stable structure to have the space group P mn2 1 which they labeled γ-Li 3 PS 4 . This material has the same structure as β-Li 3 PO 4 . The experimental group determined the high temperature stable structure to have the space group P mna which they labeled β-Li 3 PS 4 . This structure which was also reported by earlier experiments, 32 has fractional occupancy of some of the Li sites, but is otherwise similar to the structure of γ-Li 3 PO 4 . Consistent with the experimental findings, our calculations find the so-called γ-Li 3 PS 4 structure to have a formation energy 0.1 eV lower than all the modifications of the β-Li 3 PS 4 structure that we studied.
The focus of the present work is on materials related to the superionic conductor Li 7 P 3 S 11 . Starting with initial coordinates reported from experimental measurements 3, 7 and maintaining the P1 symmetry, the most stable structure was found with a formation energy of -20.00 eV/formula unit and another metastable structure was found (which we label Li 7 P 3 S * 11 ) with a formation energy that is higher by 0.07 eV. Interestingly, the lowest energy structure was found by optimizing the reported coordinates derived from X-ray scattering analysis 3 while the metastable structure was found by optimizing the reported coordinates derived from neutron scattering results. 7 We were unable to find a transformation mechanism between the two structures, and results for both structures are presented. The fact that there are two (meta)-stable structures of crystalline Li 7 P 3 S 11 (and perhaps others as well), is not inconsistent with experimental investigations of various preparation methods. 5, 6 Recent experiments 5 conclude that Li 7 P 3 S 11 is a high temperature crystalline phase which can be quenched to room temperature. The fact that the experimental reports indicate sensitivity to processing conditions seems consistent that multiple (meta)-stable crystalline structures can exist. From the formation energy analysis, we are able to develop a rough idea about the stability of Li 7 P 3 S 11 and Li 7 P 3 S * 11 and the phosphate analogs. Table II lists calculated decomposition energies. Since our calculational error is relatively large, we cannot claim that our results are definitive. We do find that Li 7 P 3 S 11 in its lowest energy structure is expected to be stable with respect to decomposition into Li 3 PS 4 (assumed to be in the low energy γ-Li 3 PS 4 structure) and Li 4 P 2 S 7 , while Li 7 P 3 S * 11 is slightly unstable. However, crystalline Li 4 P 2 S 7 has not been identified in experiment and our simulations find it to be unstable relative to decomposition into Li 4 P 2 S 6 and excess S. Consequently, Li 7 P 3 S 11 and Li 7 P 3 S 3 tions in the preparation of Li 7 P 3 S 11 has been reported. 5, 6 The fact that good quality crystalline Li 7 P 3 S 11 can be prepared at room temperature by quenching from high temperature suggests that there exists a significant kinetic barrier which prevents phase change to the equilibrium room temperature structure.
In addition to these thiophosphate materials, we were able to find metastable structures having the same symmetry for Li 7 P 3 O 11 and Li 8 P 3 O 10 N. While to the best of our knowledge, neither of these crystals has been identified by experiment, studying them can provide insight into LiPON electrolytes 8 which have similar stoichiometries and perhaps similar local configurations. Our results predict Li 7 P 3 O 11 to be unstable with respect to decomposition into into Li 3 PO 4 and Li 4 P 2 O 7 , while the nitrided material Li 8 P 3 O 10 N is correspondingly less unstable with respect to decomposition into Li 3 PO 4 and Li 5 P 2 O 6 N.
The structure of the calculated low energy form of Li 7 P 3 S 11 is visualized in Fig. 1 . 33 Deviations from the structures reported on the basis of diffraction experiments Refs. 3 and 7 are not easily identified in this visualization. The optimized lattice parameters for Li 7 P 3 S 11 and related materials are listed in Table III . Compared with the experimental measurements, for the lowest energy structure of Li 7 P 3 S 11 , the calculations underestimate the lattice constants along the a and c axes as expected for LDA calculations. On the other hand, the results overestimate the lattice constant along the b axis, in contradiction to the usual systematic LDA error. For the metastable Li 7 P 3 S * 11 the calculation underestimates all three lattice constants compared with experiment as is more common in LDA calculations. For the experimental structures the lattice parameters given in Ref. 3 (based on X-ray diffraction) and Ref. 7 (based on both X-ray and neutron diffraction) differ from each other by less than 1%. Although the two experimental measurements of the lattice parameters for Li 7 P 3 S 11 are quite similar, there are measurable differences in the reported fractional coordinates as shown in Table IV . The X-ray 3 and neutron 7 measurements differ primarily in determining the locations of sites Li(2) and Li (7), which vary by a fractional difference of 0.2 along the b axis corresponding to approximately 1Å in distance. Li (4) structures and between the calculations and experiment average approximately 0.5Å per atom, with the largest variations occurring in the Li positions. While structural differences between Li 7 P 3 S 11 and Li 7 P 3 S * 11 are measurable, visualization in a plot from the perspective shown in Fig. 1 is quite subtle, which can be seen in Figs 4 and 6. These figures will be further discussed in connection with metastable interstitial sites. As we observe in our study of migrations and defect sites, even such subtle structural differences can have qualitative effects on Li ion behaviors.
As in our formation energy analysis, it is interesting to consider Li 7 P 3 S 11 in terms of Li 3 PS 4 monomer and Li 4 P 2 S 7 dimer components. From this perspective one expects three Li sites to be associated with the monomer and four Li sites to be associated with the dimer. Examining the ball and stick diagram of Li 7 P 3 S 11 shown in Fig. 1 , it appears that the monomer Li sites are 1, 2, and 7, while the dimer Li sites are 2, 3, 5, and 6. However, analyzing the nearest Li−S distances, in the calculated structures we find that many of the Li + ions are virtually equidistant to sulfurs in both P 2 S 7 and PS 4 groups. The details of Li ion placement differ slightly for the two calculated and two experimental structures. For the experimental structures, with a few exceptions, most of the distinct Li sites have nearest neighbor Li−S separations which are at least 0.1Å smaller than that of the next nearest neighbor. This contrasts with the calculated structures which show essentially equal Li−S separations for the first two or three nearest neighbors. In addition to data for Li 7 P 3 S 11 , the lattice constants of the hypothetical Li 7 P 3 O 11 and Li 8 P 3 O 10 N materials are also shown in Table III . Not surprisingly, these crystals have smaller dimensions and somewhat different proportions than their thiophosphate analogs. These structures are also visualized in Fig. 1 . While converging the optimal structure for Li 7 P 3 O 11 , we found many metastable forms as might be expected for a naturally glassy material. The optimization of the Li 8 P 3 O 10 N structure was computationally more robust. Table  V shows the calculated fractional coordinates for Li 7 P 3 O 11 and Li 8 P 3 O 10 N for the lowest energy structures that we have found. Here we see that the additional Li (Li(8)) in the nitrided case relaxes to a position near the N that replaces the O at the bridge-bonding site.
Li ion migration analysis
In order to study Li ion migration in these materials we have considered vacancy, interstitial, and composite mechanisms using the nudged elastic band (NEB) method [23] [24] [25] to estimate barriers for migration between metastable defect sites. While for such a complicated structure it is not possible to study all possible migrations, we considered several possibilities.
Analysis for Li 7 P 3 S 11 and Li 7 P 3 S * 11
Vacancy mechanism -Li 7 P 3 S 11
The relaxed vacancy structures were determined by using a fixed volume 1 × 2 × 1 supercell. In order to approximate the electrically insulating properties of the electrolyte, an extra electron was added to the system and compensated by a uniform positive charge. While no attempt was made to correct for supercell errors, 34 we expect relative configuration energies to be well-approximated. We first consider results determined for the most stable structure of Li 7 P 3 S 11 , including vacancy defects at all 7 inequivalent Li sites.
For Li 7 P 3 S 11 the energies of the relaxed vacancy configurations relative to that of the most stable one (labeled 5), as well as the distortion parameters defined in Eqs. (1 and 2) are given in 
The vacancy labels are given in Fig. 1 and the energies are given relative to the most stable site (5). The distortion parameters are calculated using Eqs. (1) 
M
Vac atom are the greatest for the Li host atoms and the least for the P host atoms, while the S distortions are less than or similar to the Li distortions. The relatively small distortions of the S and P host atoms are presumably due to their covalent bonding within the monomer and dimer groups. Because the P atoms are anchored by several P−S bonds their distortions are further restricted.
In order to investigate a vacancy mechanism for Li ion migration, we performed NEB calculations for hopping between various vacancy sites. For each vacancy, NEB migrations to 5 or more nearest neighbors were computed. From these pairwise steps, sequential low energy hops were selected in order to estimate energy barriers E m for migration along each crystallographic direction. These paths are shown in Fig. 2 . While many of the hops between neighboring vacancy configurations have small energy barriers, E m values for paths that traverse the supercell are determined by the maximum barriers along each path which are determined to be 0.43 eV, 0.29 eV, and 0.15 eV for the c, a, and b axes respectively. There are some common hops among some of the paths. However, the 1 ↔ 2 hops along the a and c axes are different, connecting equivalent sites in two distinct ways. Interestingly, there is significant structure in the energy diagrams between most of the metastable states, which is often associated with metastable interstitial positions occupied by host atoms during the vacancy migration step. The lowest migration barrier that we found for this material is 0.15 eV for net migration along the b axis involving zig-zag hops between the 4 ↔ 3 sites. Assuming that the formation energy for vacancy-interstitial pairs is negligible (a fact consistent with our simulations) an activation energy of E m = 0.15 eV for this material is close to the value of 0.12 eV measured in experiment. 2, 4 Vacancy mechanism -Li 7 P 3 S * 11
For comparison, it is interesting to study vacancies in the metastable structure Li 7 P 3 S * 11 . The list of vacancy energies is given in Table VII . While site 5 remains the most stable vacancy site, the energetic variation among the other vacancy sites is substantially different in this structure. A large part of this energetic variation is related to the instability of several vacancy sites in this structure, as indicated by the large values of M Vac Li for sites 3 and 4. A more detailed analysis of the relaxed structure for a vacancy at site 4 shows that the Li from the neighboring host lattice site 7 is distorted to toward the vacancy by 2Å (60% of the distance between the corresponding sites in the perfect lattice). This relaxation contributes substantially to E v (4) as evidenced by the energy found from a constrained relaxation of this site. We found the constrained relaxation energy of the 4 to be 0.27 eV, comparable to the full relaxation energies of the 2 and 3 sites of this structure. Likewise for a vacancy at site 3, the neighboring host lattice sites 4 and 7 are both strongly affected. For these unstable vacancy sites, the vacancy site labels are ambiguous. Fig. 1 and the energies are given relative to the most stable site (5) for this structure. The distortion parameters, calculated using Eqs. (1) and (2) For the Li 7 P 3 S * 11 structure we carried out an NEB analysis similar to that described for the Li 7 P 3 S 11 structure. Due to the instabilities of the 3 and 4 sites, complete through paths corresponding to those presented in Fig. 2 are not possible. Figure 3 shows an example of a partial path compared with the corresponding path of the stable Li 7 P 3 S 11 structure. In this case, the migration barrier for the Li 7 P 3 S 11 structure is E m = 0.43 eV because of the the hop between sites 5 and 6. For the Li 7 P 3 S * 11 structure, the barrier for this path is slightly greater due to the higher relative energies of sites 1 and 2. This figure illustrates that while some similarities exist, in general the Li ion migration properties are sensitive to the details of the structure of these materials.
Interstitial mechanism -Li 7 P 3 S 11 TABLE VIII. Table of energies Ei (in eV) and distortions (inÅ) for metastable interstitial sites in Li7P3S11 calculated for a 1 × 2 × 1 supercell. The interstitial labels are given in Fig. 4 and the energies are given relative to the most stable site (α). The distortion parameters are calculated using Eqs. In addition to vacancy defects, it is possible to find many metastable sites capable of accommodating an excess Li ion in the Li 7 P 3 S 11 structure. A systematic search for these metastable sites was performed using a regular grid of possible sites. For each grid site, an interstitial Li ion was added to the perfect 1 × 2 × 1 supercell and the system was allowed to relax at constant volume. As in the vacancy case, an electrically insulating system was approximated. An electron was removed from the system and compensated with a uniform negative charge. In order to best approximate the creation of a single interstitial defect, each interstitial site found from the grid search was added back to the perfect crystal and allowed to relax again. The low energy (E i < 0.2 eV) relaxed interstitial positions found in this search are visualized in Fig. 4 superposed on the perfect lattice supercell. They represent 6 non-equivalent positions, the most stable of which (α) is located at the origin of our supercell. The energies E i of these relaxed interstitial sites, relative to the α site, are listed in Table VIII along with the corresponding distortion parameters. Notably, we have found 6 distinct sites in an energy range of 0-0.2 eV, some of which are in close proximity to each other and to vacancy sites 3 and 4. In addition to these reported low energy interstitial sites, some higher energy sites were also found. As an example, the energy of an interstitial defect at the inversion center is E i = 0.9 eV, although other metastable interstitial defects in the vicinity of the inversion center were difficult to stabilize.
Since there are a number of interstitial sites in close proximity, it is possible to construct a migration path between them. The lowest energy path we found is along the c-axis and is presented in Figure 5 . The migration barrier E m = 0.49 eV is dominated by the hop between equivalent β sites. While the γ site is not explicitly labeled in this plot, it is represented by the local minimum in the energy path between the and β sites.
Interstitial mechanism -Li 7 P 3 S * 11
We have also examined the metastable interstitial sites in the Li 7 P 3 S * 11 structure. Although the structural differences between the two structures is small, it is large enough to have an effect on the positions and relative energies of the metastable sites. Figure 6 shows the placement of the low energy metastable interstitial sites superposed on the perfect structure of the Li 7 P 3 S * 11 crystal and Table IX shows the corresponding energies and host lattice distortions. Interestingly, the α, β, and ζ sites are metastable in both structures, while the Li 7 P 3 S * 11 structure has two new sites we label η and θ, and the γ and δ sites from the Li 7 P 3 S 11 structure are not found. The site labeled η is close to the β site along the a and c axes but is shifted along the b-axis. Fig. 6 and the energies are given relative to the most stable site (α). The distortion parameters are calculated using Eqs. (1) and (2). Combined vacancy-interstitial mechanism -Li 7 P 3 S 11
In addition to the study of single defects in the 1 × 2 × 1 supercell, it is interesting to consider the formation of vacancyinterstitial pairs in Li 7 P 3 S 11 . As shown in Table X, we found   TABLE X. Table of vacancy-interstitial pair formation energies E f (in eV) and the corresponding host lattice distortions (inÅ) calculated using Eqs. (1) and (2) . For several of the vacancy-interstitial pairs, a direct formation process can be identified. For those, the migration barriers Em (in eV) and the separation R of the vacancy and interstitial sites (estimated from the perfect lattice) are also reported. several examples of configurations with very low pair formation energies E f and many of them have low activation barriers. In fact the energy of the 5 configuration has the unphysical value of E f < 0. This is likely an artifact of the supercell due to dipolar images. The corresponding value in a 2 × 2 × 1 supercell is less negative by 0.01 eV. Since the supercell image errors are sensitive to the geometries of the defects, we expect that the other values of E f listed in Table X could also have errors in the neighborhood of ±0.03 eV. Nevertheless the qualitative results of Table X indicate several examples of low energy vacancy-interstitial pair formations in Li 7 P 3 S 11 . The pair formation energy E f relates to the experimentally measured temperature-dependent conductivity σ(T ) which follows an Arrhenius behavior of the form
where k denotes the Boltzmann constant, σ 0 denotes a temperature independent system constant, and the experimentally determined activation energy E A is related to the calculated energies according to
For materials having small formation energies E f such as Li 7 P 3 S 11 , the measured activation energies E A are dominated by the migration energies E m . In addition to considering vacancy-interstitial pair formation and single defect migration statistically independently, as indicated by the Arrhenius behavior (3), we have also investigated some possible concerted mechanisms involving both the vacancy and interstitial sites. One such example is given in Fig. 7 showing a process which starts with the perfect crystal followed by the formation of a vacancy-interstitial pair of type 4β. In the simulation, it is assumed that the β interstitial site remains fixed while the vacancy continues to migrate along the a-axis. From this study, we see that at sufficient separation between the vacancy and interstitial defects their interaction effects are small so that the energy path diagram is very similar to that of the pure vacancy, which is superposed in the figure and b axes to another 4 vacancy site which is no longer equivalent because it is further from the interstitial ion at the site β. The larger deviations of the energy path diagrams in the vicinity of the 7 site are due to a supercell image of the β interstitial in this calculation. The particular path shown in this diagram is unlikely to be important in Li ion migration. Not only does it have a large migration energy E m = 0.54 eV, but the statistical probability of this concerted pair is much smaller than the probability of the single particle events.
Analysis for Li
The metastable crystal Li 7 P 3 O 11 is structurally very similar to its thiophosphate analog and is visualized in Fig. 1 . Using the same Li site labels given for the Li 7 P 3 S 11 structure, it is possible to analyze the Li ion migration in Li 7 P 3 O 11 in a similar way. The energies of the relaxed vacancy configurations relative to that of the most stable one (labeled 4) and the corresponding distortion measures defined by Eqs. (1 and 2) for the 7 inequivalent Li ion vacancies are given in Table XI . In contrast to the thiophosphate material, the most favorable sites for vacancy formation in Li 7 P 3 O 11 are the 4 and 3 sites, while the least favorable are the 5 and 6 sites. Furthermore, the 2 vacancy site for this structure is unstable as indicated by its large value of M Vac Li due to the motion of the host lattice 3 site toward the vacancy. The vacancy labels are given in Fig. 1 and the energies are given relative to the most stable site (4). The distortion parameters are calculated using Eqs. (1) and (2). As for the thiophosphate material, nearest neighbor NEB paths were computed and minimal energy through paths were constructed for Li 7 P 3 O 11 . The energy path diagrams for net motion along the a, b, and c axes are presented in Fig. 8 . Some of the steps involve symmetry equivalent sites such as 7 ↔ 7. Along the c axis E m is 0.54 eV and along the a axis E m is 0.53 eV. For net migration along the b-axis, three of the paths have very similar values of E m -0.52, 0.52, 0.59 eV for the zig-zag hops between 4 ↔ 3, 7 ↔ 7, and 6 ↔ 5 sites, respectively. Figure 8 shows that the path corresponding to a Li ion migration migration energy of E m = 0.15 eV in the Li 7 P 3 S 11 structure has a migration energy of E m = 0.52 eV in Li 7 P 3 O 11 using the same supercell.
In order to estimate the results of supercell size, we performed very limited calculations for a 1 × 4 × 1 supercell. The NEB path between sites 3 and 4 with net migration along the b-axis is shown in Fig. 9 . While details of the path differ, the results are quite similar. The relative vacancy energies given in Table XI for Energy path diagram for Li ion migration in Li7P3S11 with a both interstitial and vacancy involvement, starting with the perfect supercell followed by 4β formation. In subsequent steps, the interstitial Li is held at the β site while the vacancy migrates along a path along the a-axis. The energy scale for this curve is referenced to the perfect crystal. In addition to the neutral pair migration, a portion of the pure vacancy path diagram is superposed on the figure (with energy shifted so that the two curves coincide at the 1 vacancy configuration). we also studied the formation of vacancy-interstital pairs, estimating the lowest formation energy to be E f = 0.5 eV with more typical formation energies in the neighborhood of E f = 0.8 eV. addition of an extra Li near each N site as shown in Fig. 1 . The energies of the relaxed vacancy configurations relative to that of the most stable one (labeled 3), as well as the distortion parameters defined in Eqs. (1 and 2) are given in Table  XII . In this case, because of a subtle accident of the geometry, the most stable vacancy site (3) is lower in energy by 0.3 eV than the other 7. The distortions induced by the vacancies are relatively small. Figure 10 shows a possible Li ion vacancy migration path for this structure. While there may be paths with lower migration barriers, paths that avoid the 3 site are likely to have lower overall barriers. We observe that hops to sites near the N bonds are relatively favorable, but we find an overall barrier of E m = 0.60 eV. The vacancy-interstitial formation is estimated to be E f = 1.2 eV.
TABLE XII. Table of energies Ev (in eV) and distortions (inÅ) for unique vacancy sites in Li8P3O10N calculated for a 1 × 2 × 1 supercell. The vacancy labels are given in Fig. 1 and Table V and the energies are given relative to the most stable site (3). The distortion parameters are calculated using Eqs. (1) and (2) . 
Discussion
The results presented for ionic conduction in Li 7 P 3 S 11 can be related to some of the attributes of superionic conductors 35 which typically have a number of partially occupied, low activation energy metastable sites. Applying this notion to Li 7 P 3 S 11 , we have identified several extra metastable sites in the crystal structure which have approximately the same locations in the interstitial, vacancy, and combined vacancyinterstitial simulations. These sites can be occupied when excess Li is present or when a host Li is displaced to form a vacancy interstitial pair. In fact, Table X shows several examples of vacancy-interstitial combinations having very small formation energies E f . The effects of these metastable sites can be seen trivially in the interstitial and combined simulations, but they are also important in the pure vacancy migration process. In this instance, the metastable low energy interstitial sites shown in Fig. 4 and listed in Table VIII affect the energy path profiles for the vacancy migration mechanisms shown in Fig. 2 . The paths show a number of local energy minima due to the migrating lithiums passing near local potential minima caused by the metastable interstitial sites. For example, we have determined that the migrating host Li ion passes near the interstitial δ site in the vacancy process involving sites 1 and 2 along the c-axis and sites 2 and 7 along the a-axis. Similarly, the interstitial γ site is involved with the local energy minimum in the vacancy process involving the 3 and 4 sites along the b-axis and in the process involving the 7 and 4 sites along the a-axis which also involves the interstitial site. As a counter example to superionic behavior, the energy path analysis of Li ion vacancy diffusion in the Li 7 P 3 O 11 and Li 8 P 3 O 10 N materials indicate much less involvement of interstitial sites, a result which correlates with the relatively large vacancy-interstitial pair formation energies of E f ≥ 0.5 eV.
Another viewpoint for understanding Li ion migration in Li 7 P 3 S 11 is to identify general regions of the crystal which are energetically unfavorable or favorable for Li ions. An example of the former is the region bounded by two P 2 S 7 dimers in the local neighborhood of the inversion center and Li sites 5 and 6. In this region, the metastable interstitial sites have relatively high energy, the metastable vacancy energies E v (5) and E v (6) are low (indicating that this region is less attractive to Li occupation), and the vacancy migration energies are high (E m ≈ 0.4 eV). The second type of region occurs between PS 4 monomer and P 2 S 7 dimer components, especially in the neighborhood of the Li sites 3 and 4. In this region, the metastable interstitial sites (β, γ, ) have relatively low energy, the metastable vacancy site energies E v (3) and E v (4) are high (indicating that this region is more attractive to Li occupation), and the vacancy migration energies are low (E m ≈ 0.2 eV). These sets of properties suggest that Li ion migration in this material occurs primarily in the second region. This analysis is similar to that discussed by Onodera et al.. 7 On the basis of geometry they identified a region of favorable Li ion diffusion which is similar to our second region.
Conclusions
We have modeled a stable structure for crystalline Li 7 P 3 S 11 with the P1 space group and with approximate agreement with the experimental X-ray analysis 3 and neutron diffraction analysis. 7 Our formation energy results show the calculated structure to be stable with respect to decomposition into crystals of Li 3 PS 4 and crystals of Li 4 P 2 S 7 crystals. Since crystals of Li 4 P 2 S 7 dimers have not been experimentally observed, it is more relevant that our results show that it is energetically favorable for Li 7 P 3 S 11 to decomposite into crystals of Li 3 PS 4 monomers and crystals of Li 4 P 2 S 6 dimers plus excess S. This decomposition of Li 7 P 3 S 11 has been reported 5 under certain preparation conditions. The fact that high quality crystals of Li 7 P 3 S 11 have been prepared at room temperature by quenching techniques [1] [2] [3] [4] [5] [6] [7] indicates that there must be a high kinetic barrier which inhibits phase transformation at low temperature to the equilibrium structure.
Our analysis of likely Li ion migration processes find a low energy Li ion vacancy path with net motion along the crystallographic b-axis between the monomer and dimer groups having E m = 0.15 eV. While we have attempted to make a systematic search for low energy migration paths through the crystal, we cannot claim to have examined all of the possible low energy paths. The vacancy-interstitial pair formation energy is estimated to be E f = 0.02 ± 0.03 eV. The results for E m and E f are in good agreement with the activation energy of E A = 0.12 eV measured from temperature dependent conductivity experiments 2,4 and the activation of E A = 0.18 eV found under different preparation conditions. 6 The small values of E m and E f found for this material are consistent with properties expected for a superionic conductor.
In addition, we have found a slightly less stable structure for this lithium thiophosphate material which we have labeled Li 7 P 3 S * 11 with a total energy 0.07 eV per formula unit higher than the most stable structure. The computation of this metastable structure comes from optimizing the atomic coordinates determined in the neutron diffraction experiment 7 (instead of those determined in the X-ray diffraction experiment 3 ). We have not found a transformation mechanism between the two structural forms. While the structural differences of the two structures are quite subtle, their effects on the Li ion migration properties was shown to be significant. For example, some of the Li ion vacancy sites are unstable (causing significant distortion of the host lattice) in the Li 7 P 3 S * 11 structure while they are stable in the Li 7 P 3 S 11 structure. The interstitial Li sites also differ in the two structures. While more work is needed to relate the detailed computational results to experiment, the qualitative results indicate that subtle structural features of the electrolyte have the potential to significantly affect the Li ion migration.
It is also interesting to contrast the properties of lithium thiophosphates with the corresponding lithium phosphates and lithium phosphonitrides, both from the pure academic viewpoint and also from the technical viewpoint of possible insight into properties of LiPON electrolytes. We found that it is possible to simulate hypothetical crystals of both Li 7 P 3 O 11 and Li 8 P 3 O 10 N which have similar metastable structures with the same P1 space group. The minimum Li ion vacancy migration energies were found to be E m = 0.5 and 0.6 eV for and the vacancy-interstitial pair formation energies were found to be E f = 0.8 and 1.2 eV for Li 7 P 3 O 11 and Li 8 P 3 O 10 N respectively. While these structures have not been observed experimentally, the computed energies are comparable to results found in earlier studies on other crystalline materials related to LiPON electrolytes [36] [37] [38] and roughly consistent with measured migration energies on LiPON materials. 39 In the present study, the general results show that N does not obviously lower the migration barrier or reduce the vacancyinterstitial pair formation energy, but it does seem to increase the stability of the material in terms of decomposition into monomer and dimer fragments and in terms of ease finding the stable structure.
